Abstract. Summer crop production on slow-draining Vertosols in a sub-tropical climate has the potential for large emissions of soil nitrous oxide (N 2 O) from denitrification of applied nitrogen (N) fertiliser. While it is well established that applying N fertiliser will increase N 2 O emissions above background levels, previous research in temperate climates has shown that increasing N fertiliser rates can increase N 2 O emissions linearly, exponentially or not at all. Little such data exists for summer cropping in sub-tropical regions. In four field experiments at two locations across two summers, we assessed the impact of increasing N fertiliser rate on both soil N 2 O emissions and crop yield of grain sorghum (Sorghum bicolor L.) or sunflower (Helianthus annuus L.) in Vertosols of sub-tropical Australia. Rates of N fertiliser, applied as urea at sowing, included a nil application, an optimum N rate and a double-optimum rate.
Introduction
Grain sorghum (Sorghum bicolor L.) is the dominant summer cereal crop grown in the northern Australian grain cropping region (Carrigan et al. 2014) with production averaging 2.1 Mt year -1 (2005-14 range: 1.1-3.8 Mt year -1 ). Sunflower (Helianthus annuus L.) is a less commonly grown summer crop with production averaging 50 kt year ) (ABARES 2015) . Sufficient nitrogen (N) supply for the optimum production of both crops is typically determined using a budgeting approach whereby growers select the N fertiliser rate based on the previous crop, the length of the fallow period and the expected yield (Herridge 2011) . Rates of N fertiliser commonly applied in northern NSW are in the range of 0-140 kg N ha -1 for dryland sorghum and 0-100 kg N ha -1 for dryland sunflowers (Carrigan et al. 2014; Serafin et al. 2014 ).
Crop production using N fertilisers causes an increase in soil nitrous oxide (N 2 O) emitted from the biological processes of nitrification and denitrification (Bremner 1997) and therefore contributes to the increasing concentration of N 2 O in the atmosphere; a cause of global warming and stratospheric ozone depletion (Myhre et al. 2013) . Previous research into N 2 O emissions from dryland annual crops grown in the subtropical Australian northern grains region has mainly focussed on winter crops such as canola, chickpea and wheat with emission factors (EF) often well below the IPCC default EF of 1.0% (Wang et al. 2011; Schwenke et al. 2015) . The potential for N 2 O emissions during a summer crop should be greater owing to warmer temperatures and higher rainfall intensity (Dalal et al. 2003) .
Soil properties influence the potential for direct and indirect losses of N 2 O through denitrification and leaching respectively.
For example, De Antoni Migliorati et al. (2014) found that the moderate permeability of an Oxisol prevented prolonged waterlogging but its high clay content prevented nitrate leaching under sorghum and maize. Cropping in the northern Australian grains region is dominated by grey, brown and black Vertosols (Webb et al. 1997; Isbell 2002 ) of mediumheavy shrink/swell clay content and characteristically low permeability. Flood irrigation or high intensity rainfall on these soils can lead to temporary waterlogging and oxygen depletion causing denitrification and substantial total N loss (Strong et al. 1992; Armstrong et al. 1996; Rochester and Constable 2000) . These soils are often quite wet throughout the profile at sowing as regional agronomic guidelines recommend that farmers only plant a crop when the soil has >1 m depth of plant available soil moisture (Carrigan et al. 2014) . Actual emissions of N 2 O from Vertosols under waterlogging conditions may also be influenced by the ratio of N 2 : N 2 O released during denitrification, which in turn may be influenced by depth of denitrification (Gilliam et al. 1978) , soil pH (Rochester and Constable 2000) , aeration, soluble carbon concentration (Weier et al. 1993 ) and nitrate concentration (Firestone et al. 1979) . Ramu et al. (2012) reported greater N 2 O emissions from a welldrained Alfisol than from an adjacent poorly-drained Vertisol, demonstrating that factors other than drainage can affect cumulative N 2 O emitted. Soil N 2 O emissions from N-fertilised sorghum in tropical and sub-tropical regions have been reported from Oxisols (Mosier et al. 1998; De Antoni Migliorati et al. 2015) an Inceptisol (Storlien et al. 2014) , an Entisol (Welzmiller et al. 2008 ) and an Alfisol (Ramu et al. 2012 ), but only Ramu et al. (2012) has documented N 2 O emissions from a Vertisol in central India. The potential for denitrification losses of N as N 2 O and N 2 is high, particularly if high intensity rainfall occurs early in the growing season (Schwenke et al. 2015) .
It is well established that adding N fertiliser raises soil N 2 O emissions above background levels (Snyder et al. 2009 ). However, the effects of ever-increasing N fertiliser rates on N 2 O emissions are less certain, with previous studies recording either a linear increase, an exponential increase, a hyperbola response, no change or even a decrease in the amount of N 2 O emitted as N fertiliser rate increased (Kim et al. 2013; Shcherbak et al. 2014) . Kim et al. (2013) argued that most of these responses were merely different phases within an essentially common response function with distinct linear, non-linear or steady-state phases delineated by optimal N uptake thresholds by vegetation and soil microbes. These uptake thresholds vary depending on site vegetation, climate and soil properties. A global meta-analysis of published data of N 2 O response to increasing N fertiliser rate (Shcherbak et al. 2014) concluded that an exponential response was generally more applicable when soil inorganic N exceeded crop N demand. Of the 78 published studies reviewed, only one was conducted in Australia -N 2 O emissions in a high-rainfall sub-tropical sugarcane study on a coastal Hydrosol (Allen et al. 2010) .
Choice of N fertiliser rate can be used as a N 2 O mitigation strategy by limiting the accumulation of surplus nitrate in soil from N applied in excess of crop demand (Snyder et al. 2009 ). Since crop N use is a key component of soil N dynamics, the use of a simple linear relationship (i.e. fixed EF) to describe N 2 O response to N rate in crop lands is likely to underestimate N 2 O emissions at N rates in excess of the crop uptake capacity. It is in this excess application zone that the largest mitigation gains are to be made by reducing N rate (Shcherbak et al. 2014) . For N rate-based N 2 O mitigation strategies to be accepted and adopted by farmers, the proposed N rates must be both agronomically efficient and economically profitable (Van Groenigen et al. 2010) , so yield-scaled emission relationships with N rate are needed. Where sufficient data on impacts of N rates on N 2 O emissions exist, IPCC Tier 2 EFs can be used in the place of the fixed-EF IPCC Tier 1 methodology for national greenhouse gas inventories and industry-based incentive schemes for mitigation (Millar et al. 2010) . While there is a considerable global dataset of soil N 2 O emission responses to fertiliser N rate, most data are from temperate regions. There are little data available from sub-tropical summer cropping environments and none from the Australian northern grains region (Shcherbak et al. 2014) .
This paper reports the effects of N fertiliser rate treatments on N 2 O emissions, crop yield and total N loss from three field-plot and two 15 N mini-plot N fertiliser rate experiments with summer sorghum, and one field-plot N rate experiment with sunflower. Each experiment featured a nil-N control and at least two rates of N as urea applied as a side-band during sowing. The aim of these experiments was to determine how N fertiliser rate affected the N 2 O emission rate and therefore whether optimising the N rate can minimise direct N 2 O emissions. Such research has not been previously reported for summer cropping in this region, and rarely for this climate, soil and cropping system globally. The results of this work should inform greenhouse gas inventory calculations for dryland summer sorghum and sunflower and be used to validate and further develop models of soil N 2 O emissions during and after annual summer crops.
Materials and methods

Field experimental design and treatments
We conducted four separate field-plot experiments (Expts 1-4) and two 15 N mini-plot experiments (Expts 5 and 6) ( Table 1) . Each experiment had a randomised complete block design. All field-plot experiments were sown with a four-row minimum-disturbance precision disc planter at 0.75-m row spacing in plots that were 12 m long, and so individual plot area was 36 m 2 . Grain sorghum (S. bicolor (L.) Moench) was sown at 75 000 plants ha -1 and sunflower (H. annuus L.) at 36 000 plants ha -1 . The 15 N experiments (Expts 5 and 6) were conducted within additional field plots of Expts 3 and 4, respectively. Each mini-plot covered one plant row and one fertiliser band. The mini-plots in Expt 5 were 0.75 m Â 1.33 m = 1 m 2 , while those in Expt 6 were 0.75 m Â 1.0 m = 0.75 m 2 . All mini-plots were bounded by steel frames that were hammered 0.1 m into the soil leaving 0.05 m protruding above the surface to prevent surface runoff.
The N rates for each experiment are listed in Table 1 . All N was applied as urea side-banded 0.1 m from the seed row and 0.05 m deep in the soil at sowing. The N used in the mini-plot experiments was applied in the same side-band location as in the larger field plots, but was applied as a solution of 10% atom-enriched 15 N urea (Sigma-Aldrich Chemicals, St Louis, Missourri, USA).
Sites, locations and soils
The Expts 1, 3 and 5 were located at the Tamworth Agricultural Institute (31.1528S, 150.9828E) near Tamworth NSW, while Expts 2 (31.4908S, 150.4858E), 4 and 6 (31.5158S, 150.5998E) were located on the Liverpool Plains. All experiments were on alkaline (pH 1 : 5 water in the range of 8.2-8.5 in 0-0.3 m) Black Vertosols (Isbell 2002 ) of medium-heavy clay content (54% clay at Tamworth and 81% clay on Liverpool Plains). Soil organic carbon in 0-0.1 m was 1.0% at the Liverpool Plains sites and 1.2% at the Tamworth site. Soil drained upper limit (DUL) and crop lower limit (CLL) for sorghum was determined at the Tamworth and the Quirindi sites, as described by Dalgliesh and Cawthray (1998) . The total plant available water capacity (PAWC) was 299 and 277 mm for the Tamworth and Liverpool Plains soils respectively. Actual PAW measured at sowing of each experiment was 256, 145, 253 and 89 mm for Expts 1-4 respectively.
Soil and plant sampling
All field-plot sites were soil cored (nine cores per site) to either 1.2 or 1.5 m for gravimetric moisture content before sowing. The Expts 1 and 2 were sampled for soil moisture (0-0.1 m) at each gas sampling time using a 0.05-m diameter corer. Mineral N was measured in the pre-sowing and post-harvest cores from Expts 3 and 4, as well as to 0.20 m depth approximately monthly for a year post-fertiliser application. Sampling for soil mineral N (ammonium and nitrate) in Expts 3 and 4 was done by combining 10 Â 0.02-m diameter cores per plot for surface (0-0.1 m) and sub-surface (0.1-0.2 m) samples. Two cores out of each 10 were located on the fertiliser band, with the remainder located across the inter-band area. The deeper presow and post-harvest sampling consisted of two 0.05-m diameter cores per plot (one core on the fertiliser band and the other between bands) divided into 0.2-0.3, 0.3-0.6, 0.6-0.9, 0.9-1.2 and 1.2-1.5 m. Soil bulk density for 0-0.1 and 0.1-0.2 m depths was determined by the small core volumetric ring method (Method 502.03) (Cresswell and Hamilton 2002) and, for deeper samples, from the oven-dry weight of the two core samples per plot. Soil water content was determined by gravimetric difference before and after drying for 48 h at 1058C. Water filled pore space (WFPS) was calculated based on soil bulk density, gravimetric water content and particle density (Linn and Doran 1984) . Ammonium and nitrate N in filtered (Whatman 42) soil extracts (2 M potassium chloride), prepared on the day of sampling, were determined by standard colourimetric analyses using a flow injection analyser (Lachat Instruments, Colorado, USA). Soil moisture at 0.05 m depth was also monitored continuously (15-min logging) in Expt 3 using site-calibrated ThetaProbe ML2x Soil Moisture Sensors (Delta-T Devices) inserted into the soil.
Aboveground whole plant samples (two 0.75-m rows per plot) were collected by hand cutting at flowering (Expts 3 and 4) and at harvest (Expts 1-4). Samples were dried at 708C for 48 h, weighed, sub-sampled and finely ground to <0.125 mm, then those from Expts 3 and 4 were analysed for total N concentration (%N) by combustion analysis (EA1112, Thermo Finnigan). Samples of harvested grain were analysed for moisture content by oven drying, and N concentration by combustion analysis as above. Grain protein was calculated by multiplying grain %N by a factor of 5.7. All grain yield and protein results were standardised to a moisture content of 12% before treatments were compared. In Expt 3, all post-harvest plant residue material from a plot was distributed evenly across that same plot on the day after harvesting.
Weather conditions measured at all experimental sites included ambient air temperature, relative humidity and daily rainfall. Soil temperature was also measured at 15-min intervals at depths of 0.05 and 0.15 m in Expt 3.
Greenhouse gas measurements -automatic chambers (Expt 3)
Greenhouse gas emissions were measured using chambers (0.5 m Â 0.5 m Â 0.15 m height) secured to bases pushed 0.1 m into the soil. Each base covered one crop row and one N fertiliser band. During crop growth, chambers were moved weekly between three bases within each plot to minimise the impact of the chamber on plant growth. Chamber height was increased using extensions so that the chamber covered the crops as they grew to include N 2 O emitted through plant transpiration (Chang et al. 1998) . At maturity, plants growing within the chamber bases were hand harvested, the grain was removed and the plant residues returned to the same base. We used a 12-chamber automatic gas measuring system (Scheer et al. 2011) . Four automatically operated chambers (first replicate) were closed for 60 min, during which time four separate samples of air were collected at 15-min intervals and analysed immediately using a gas chromatograph (8610C, SRI Instruments, CA, USA) fitted with an electron capture detector for N 2 O measurement. After the closure period, the chambers in the first replicate were opened and those located in the second replicate were closed for 60 min, followed by the chambers in the third replicate 60 min later. After 180 min the cycle restarted, giving a total of eight measurements per chamber per day.
The N 2 O concentrations in the four air samples from each chamber during each closure period were regressed against closure time. We used a routine developed by Pedersen et al. (2010) that selects the most appropriate model for regression based on the data from each measurement period. The routine first fitted a non-linear model to the data. Where this fit was not statistically significant, a linear model was then fitted. If neither model was statistically significant, a slope of zero was assigned. The calculated slope of the selected regression was integrated back to the time of chamber closure, then used in the calculation of N 2 O flux using a formula derived from that given by Rochette and Hutchinson (2005) as follows:
where Flux G is the hourly flux of the measured gas 'G'
is extrapolated from the slope of the regression between gas concentration (C G , parts per billion = ppb mol mol -1 ) and time (t, min) integrated back to the time of chamber closure, MM G is the molar mass of the element of interest in gas 'G' (28 g mol -1 for N in N 2 O), V is the volume of the measurement chamber (m 3 ), A is the surface area of the measuring chamber (m 2 ), 60 converts from min to h, 10 6 converts g to mg, 10 9 converts ppb mol mol -1 to mol mol -1 , and MV corr is the molar volume of air in the sampling chamber (m 3 mol -1 ) as follows:
where 0.02241 m 3 mol -1 is the molar volume of an ideal gas at 08C and 101.325 kPa, T c is the chamber temperature (8C), and p 0 and p 1 are the barometric pressures (kPa) at sea level and at the trial site respectively. Chamber temperature was measured using thermocouple probes mounted within one chamber in each replicate group of four. Bi-daily (9 a.m. and 3 p.m.) barometric pressure data for Tamworth (Station 055325: 430 m above sea level) were obtained from the Australian Bureau of Meteorology (http://www.bom.gov.au/climate/data/).
Since the chambers were 0.5 m in width and the crop row width was 0.75 m, we calculated a weighted N 2 O flux for each N-treated plot as the sum of the treated (Â 0.67) and untreated (Â 0.33) chamber results. The average N 2 O flux of the non-N-fertilised plots was used as the untreated result for these calculations. This weighting method was justified by separate on-fertiliser-row and off-fertiliser-row measurements in Expt 1, which showed no significant difference between N 2 O fluxes from untreated plots and those from between-band chambers in treated plots. Cumulative N 2 O emitted during the experiment was calculated by linear interpolation between measurement times.
Greenhouse gas measurements -manual chambers (Expts 1, 2 and 4)
Manual chambers of 0.25-m diameter cylindrical PVC were pushed into the soil to 0.1 m in depth, leaving 0.2 m above the soil surface. The chambers remained in place for the duration of the experiment. In Expts 1 and 2, there were two chambers within each measured plot; one directly over the fertiliser band, and one directly in the plant row (between the fertiliser bands). In Expt 4 there was just one chamber per plot located directly over the fertiliser band. Gas emissions measurements were conducted on an irregular basis, with several daily measurements following significant rainfall events (>10 mm). The Expts 1, 2 and 4 were sampled 18, 9 and 29 times during the growing season respectively. Most measurements began between 10 a.m. and 12 p.m. in the day to approximate an average daily flux. At the time of sampling, a lid fitted with a rubber O-ring was put onto the top of the chamber. Several chambers were immediately sampled after fitting the lid to give an average ambient gas concentration which was then used for all calculations. We collected 20 mL of chamber air using a hypodermic needle inserted through a rubber septum in the chamber lid. The sample was then injected into a preevacuated 12-mL glass Exetainer (Labco, Lampeter, UK) vial. Samples were collected 0.5 and 1 h after lid closure. All samples were analysed for N 2 O concentration using a Varian 450-GC gas chromatograph fitted with an electron capture detector. Fluxes were determined using the same formula as used for the automated chamber measurements. Since the chambers were 0.25 m in diameter and the row width was 0.75 m, we calculated a weighted N 2 O flux for each plot as the sum of the on-band (Â 0.33) and the off-band (Â 0.67) chamber results from that plot (Expts 1 and 2). In Expt 4, an averaged flux from the non-treated plots was used in place of off-band chamber results to calculate the weighted plot flux. Cumulative N 2 O emitted during the experiment was calculated by multiplying the average daily flux rate of consecutive samples by the number of days between when those samples were collected.
N mini-plot measurements (Expts 5 and 6)
At the time of harvest, all plants from the central 0.75 m of plant row within the mini-plots were cut at ground level, dried at 708C, divided into grain and biomass, then representatively subsampled and finely ground (<0.125 mm) before total N and 15 N analysis by combustion and mass spectroscopy (Sercon Instruments, UK). Plants from 0.75 m of the two adjacent plant rows outside each mini-plot were also sampled and analysed in the same manner to assess scavenging of the 15 N from outside plants. Following plant removal, a central block of soil measuring 0.4 m along the row Â 0.75 m across the row Â 0.1 m depth was excavated from the mini-plot, weighed, dried at 408C, representatively sub-sampled, ground to <0.125 mm and then analysed for total N and 15 N as for the plant samples. All distinct plant root material was removed from the soil sample and analysed separately after any adhering soil was removed. The root material was dried at 708C, and then treated as per plant samples. Another 0.1-m deep block of soil was removed below the first block (0.1-0.2 m depth) and treated as above. Below this, five soil cores of 0.05 m in diameter were collected using a hydraulic soil corer. These cores were segmented by depth into 0.2-0.3, 0.3-0.6, 0.6-0.9, 0.9-1.2 and 1.2-1.5 m depths, and then treated as per the soil block samples. One of the five soil cores was located directly under the fertiliser band and the others were across the inter-band space. Soil cores were also collected from adjacent unfertilised plots for use as background 15 N measurements. All results were calculated according to formulae given by Armstrong et al. (1996) .
Statistical analysis
Statistical comparisons of treatment results were made using analysis of variance (GENSTAT v 14), with individual means tested for difference using the least significant difference test at a probability level of 5%. Smoothing splines (Verbyla et al. 1999 ) were used to model daily N 2 O emission fluxes in Expt 3. Histograms of daily N 2 O fluxes showed the data to be highly skewed, and so the data were first log-transformed to reduce skewness. Values below zero (6% of all data, average negative result = -0.4 g N 2 O-N ha -1 day -1 ) were set to zero and 1 was added to all the data before applying the log-transformation. Weekly N 2 O readings were used instead of daily readings in order to reduce the high variation in the data. Plots of predicted means AE 1 standard error were constructed for each of the four treatments to compare treatment effects.
Results
Environmental conditions
Growing season rainfall varied considerably between the four field-crop sites, with monthly rainfall totals often well below, but sometimes above, long-term monthly medians (Fig. 1) . Total December rainfall for Expt 1 was 166 mm, which was just below the 95th percentile for the site, although only 17 mm of this fell after the trial was sown. Rainfall in January 2011 was average, but in February was below the 25th percentile. In contrast, Expts 4 and 6 had rainfall in the 90th and 93rd percentile of the district long-term figures during January and March but only in the 9th and 30th percentile after this. Total in-crop (sowing-harvest) rainfall was 212, 79, 322 and 407 mm for Expts 1-4 respectively. The site at Expt 3 had another 211 mm during the post-crop fallow gas measurement period. When considered in conjunction with the starting soil moisture conditions, the experiments reported here constitute a range of crop growth conditions including a wet soil with normal in-crop rain (Expt 1), a drier soil with low in-crop rain (Expt 2) and a very dry soil with high in-crop rainfall (Expt 4).
Soil mineral N
Soil mineral N sampled to 0.2 m depth in the gas-measured treatments of Expts 3 and 4 showed a distinct peak in total mineral N in the first sampling after fertiliser application (Fig. 2) . The size of these peaks typically exceeded the amounts of N applied as fertiliser and the experimental error associated with these measurements was very large, particularly for the higher N rate treatments. Accurately measuring average soil mineral N across a 0.75-m row spacing unit after fertiliser was applied in a narrow band was problematic, despite multiple cores taken across a row spacing unit. However, the trends shown in Fig. 2 are indicative of the large quantity of mineral N concentrated in the fertiliser band soon after fertilising, and the rapid depletion of this mineral N by plant uptake and N loss mechanisms over the succeeding months. By the time of harvest, there was no discernible difference in soil mineral N between any of the N rate treatments. ), 3.0 in Expt 2 (range: 0.3 to 26), 0.4 in Expt 3 (range: -3.8 to 111) and 5.7 in Expt 4 (range: -0.9 to 2734). In general, N 2 O emissions occurred in response to high intensity rainfall conditions, especially where these occurred on alreadywet soils in the early period of crop growth in early-mid-summer (Expts 1 and 4). The Expt 1 was sown into a soil profile that had received 147 mm of rainfall in the preceding 3 weeks, and so was at the soil's DUL. The site then received another 107 mm of rainfall during the first 30 days after sowing. In contrast, Expt 2 was sown at a similar date into a profile approaching DUL, but received only 9 mm of rainfall during the first month postsowing. Maximum N 2 O fluxes in Expt 2 were approximately one-tenth of those recorded for Expt 1.
Extremely high N 2 O flux results were recorded in Expt 4 ( Fig. 3i-l) which was sown on a soil profile that was initially dry in the surface, but quite moist lower in the profile. Two weeks after sowing, emissions of N 2 O increased by up to two orders of magnitude when 61 mm of rain fell over three days, then increased by another order of magnitude a month later when 146 mm of rain fell over four days, followed by another 37 mm four days later. These high fluxes were repeated a month later with another 109 mm of rain over a two-day period. Daily temperatures during these rainfall events averaged 258C. The Expt 3, run in the same season as Expt 4 but at a drier location, showed a much lower range of N 2 O fluxes, although emission rates did briefly exceed 100 g N 2 O-N ha -1 day -1 (Fig. 4a-d) . The rainfall events for Expt 3 were less intense and less in total than for Expt 4, with the most intense event (48 mm) occurring in early March 2013 (Fig. 4e) . This late-in-the-season rainfall did not lead to a spike in N 2 O flux, presumably because there was little soil mineral N remaining by this late maturity growth stage (Fig. 2a) .
The other noteworthy trend in this N 2 O flux data is that fluxes tended to be greater in treatments with more fertiliser N applied, with the nil-N treatment having the lowest rate of N 2 O emission on most days of measurement. This trend is best seen in the splines (AE standard error) for each N rate treatment of Expt 3 (Fig. 5) . The hatched zone (AE standard error) about the splined N 2 O fluxes for each N treatment were clearly separate for the first 100 days after N application, but gradually overlapped later in the growing season, indicating less probability of significant treatment differences in N 2 O fluxes once the crop had taken up most of the available N from the soil. Both Figs 3 and 4 also demonstrate that the nil-N treatment (background) fluxes also increased in conjunction with high WFPS conditions after intense rainfall. In Expt 4 (Fig. 3i) , daily N 2 O fluxes from the nil-N plots exceeded 10 g N 2 O-N ha -1 day -1 for a short period in January 2011.
Cumulative N 2 O emitted over the growth season (Expts 1, 2 and 4) or whole year from N application (Expt 3) is shown in Fig. 6 . Total emissions were in the ranges of 570-4369, 96-753, 130-1050 and 101-6659 g N 2 O-N ha -1 for Expts 1-4 respectively. The lowest total emission in each experiment was from the nil-N treatment. Cumulative N 2 O losses in each experiment tended to be in order of N addition rate, although in some cases the high variation about the mean losses meant that some N rate treatments were statistically similar in total N 2 O-N lost over the study period. In Expt 4, the lower N rate treatments (40-160 kg N ha -1 ) showed much less response to the late-February high WFPS conditions caused by intense rainfall than the 200-240 kg N ha -1 treatments, which showed large losses of N 2 O-N at this time. All experiments showed a plateau in cumulative N 2 O loss in the latter half of the summer cropping season, coinciding with drier soil conditions and depleted soil mineral N. Of the whole year's net N 2 O emissions (background corrected) in Expt 3, 80-94% occurred between sowing and harvest (Fig. 6d) .
Increasing the N fertiliser rate increased N 2 O emissions linearly at all experimental sites (Fig. 7a) . However, the slope of the linear regression between N fertiliser rate and cumulative N 2 O emitted differed markedly between the experimental sites. For Expts 2 and 3, the slopes were 4.6 and 4.1 g N 2 O-N kg fertiliser N respectively; while at the wetter sites (Expts 1 and 4), the slopes were 23.7 and 24.8 g N 2 O-N kg -1 fertiliser N respectively. An exponential regression was also fitted to the data from Expt 4 but the r 2 for this was 0.81 compared with 0.91 for the linear fit.
When the cumulative N 2 O-N lost was corrected for background emissions and compared against the amount of N 
Rainfall and N fertiliser rate affect N 2 O emissions
Soil Researchapplied in fertiliser, we found two trends in the data from the four experiments (Fig. 7b) . For Expts 1 and 4, EFs were high (>1.2%) and tended to increase with increasing N fertiliser rate, with a maximum EF of 3.2% at the 240 kg N ha -1 rate. In contrast, Expts 2 and 3 had EFs in the range of 0.41-0.56%, and showed only a slight decreasing trend with increasing N fertiliser rate.
Similarly, the intensity of cumulative N 2 O emissions per tonne of grain (or oilseed in Expt 2) also showed two contrasting trends with increasing N fertiliser rate (Fig. 7c) . Emissions intensity results for the nil-N treatments in all experiments were quite similar, in the range of just 30-85 g N 2 O-N t -1 grain. In Expts 2 and 3, the intensity increased with N rate, but only up to 80 and 120 kg N ha -1 respectively. The intensity did not increase further at higher N rates. In contrast, the emissions intensity in Expts 1 and 4 continued to increase as N fertiliser rate increased grain-N and crop residue-N contents at harvest (i.e. the aboveground crop N uptake), while the N surplus is the difference between this 'yield-N' and the amount of N applied in fertiliser (Van Groenigen et al. 2010) . 
N labelling experiments
Plant biomass and grain yields
In Expt 1, there was no significant effect of N fertiliser rate on either crop residue biomass (site mean of 8.3 t ha -1 ) or grain yield (site mean of 6.75 t ha -1 ) (Fig. 9a, b) . Similarly, Expt 2 also showed no significant effect of N fertiliser rate on sunflower seed yield (site mean of 3.2 t ha -1 ). However, N fertiliser rate had a strong effect on crop biomass, grain yield and grain protein in Expts 3 and 4, with maximum biomass and grain production achieved at N rates around 120 kg N ha -1 (Fig. 9a, b ). Higher N rates did not further increase biomass or grain yield in Expt 3, while in Expt 4 the highest N rate led to an unexpected increase in grain yield above that recorded for the four lower N rates. Grain protein showed similar trends in Expts 3 and 4, with a consistent increase in protein with N rate from a low at 40 kg N ha -1 (Fig. 9c ). This was a characteristic response to N applied at a severely N-deficient site as the small amount of N applied at 40 kg N ha -1 went into boosting leaf and stem production but was not enough to boost grain protein. 
Discussion
Soil N 2 O emissions from sorghum and sunflower
This study reports four site-seasons of N 2 O emissions data during the growth of dryland grain sorghum or sunflower on sub-tropical Vertosols. Emissions during the post-harvest fallow were included in Expt 3, which covered a full 12 months from the fertiliser N application at sowing. Daily N 2 O fluxes varied enormously in scale (Figs 3 and 4) across the four experiments, and occurred in response to high moisture conditions, particularly during the first 1-2 months after N fertiliser application. De Antoni Migliorati et al. (2015) recently reported N 2 O emissions under grain sorghum grown on an Australian Oxisol in the 2012-13 summer under high intensity rainfall conditions similar to those experienced in Expt 4 in this study. Cumulative N 2 O losses from the Vertosol in Expt 4 were 1.6 times that for a similar rate of N fertiliser applied to the Oxisol, perhaps reflecting the difference in permeability between the heavy clay Vertosol (81% clay) and the medium clay Oxisol (55% clay). In addition, the N 2 O emissions intensities in Expt 4 (Fig. 7c) were nearly twice those reported by De Antoni Migliorati et al. (2015) at a similar N application rate. Ramu et al. (2012) found N 2 O emissions peaking at 377 g N 2 O-N ha -1 day -1 on a Vertosol used to grow sorghum in India, which is of similar magnitude to maximum daily fluxes in Expts 1-3 in our study (26- Previous research on N 2 O emissions from sunflower crops is sparse, with only Flessa et al. (1995) reporting annual N 2 O fluxes of 9.4 and 12.9 kg N 2 O-N ha -1 year -1 for a sandy and a clay soil respectively in Germany, which had been fertilised with 12 t ha -1 of farmyard manure. The cumulative N 2 O emissions from Expts 1, 2 and 4 were calculated from manual chamber measurements, which at infrequent and irregular sampling frequencies of days to weeks could vary significantly from actual total N 2 O losses (Barton et al. 2015) . However, our sampling was tailored using prior knowledge of the temporal variability in this environment (Schwenke et al. 2015) , with sampling triggered by rainfall events which cause temporary bursts of N 2 O emissions between otherwise dry conditions with nil-emissions.
The Australian grain sorghum industry typically produces 2.1 Mt grain year -1 . For an average N application rate of 100 kg N ha -1 (Carrigan et al. 2014) , we found an average N 2 O emissions intensity of 292 g N 2 O-N t -1 grain from the three trial-years of data in this study, a figure similar to that of De Antoni Migliorati et al. (2015) . This amounts to an annual Australian sorghum industry loss of 613 200 kg N 2 O-N year -1 or 287 150 t CO 2 e (carbon dioxide equivalent) year -1 using a global warming potential for N 2 O of 298 times that of CO 2 (Myhre et al. 2013) . For sunflower, an average N 2 O emissions intensity from Expt 2 of 201 g N 2 O-N t -1 seed at a fertiliser rate of 80 kg N ha -1 , when applied across an Australian sunflower industry producing an average of 50 kt year -1 , gives an annual industry-wide N 2 O emission of 10 050 kg N 2 O-N year -1 or 4700 t CO 2 e year -1 .
Response of soil N 2 O emission to N rate
Increasing N fertiliser rate increased N 2 O emissions linearly at all experimental sites (r 2 = 0.88-0.99) (Fig. 7a) . While there was also a significant exponential relationship between cumulative N 2 O emissions and N rate in Expt 4, the goodnessof-fit was less (r 2 = 0.81) than for the linear fit (r 2 = 0.91). The slopes of the linear regression between N fertiliser rate and cumulative N 2 O emitted differed markedly between the experimental sites. At Expts 2 and 3, the slopes were 4.6 and 4.1 g N 2 O-N kg -1 fertiliser N respectively, while at the wetter sites (Expts 1 and 4), the slopes were 23.7 and 24.8 g N 2 O-N kg -1 fertiliser N respectively. Clearly, the N 2 O emission response to N rate interacted with seasonal rainfall intensity in the sub-tropical Vertosols of this study. The linear responses in this study contrast with the majority of non-linear (exponential) relationships found between cumulative N 2 O emitted and N fertiliser rate in North American corn grown in temperate climates (McSwiney and Robertson 2005; Ma et al. 2010; Hoben et al. 2011) , although a global review into N rate responses did also find a significant number of studies showing a linear N response (Kim et al. 2013; Shcherbak et al. 2014) . Kim et al. (2013) hypothesised that linear responses may indicate that the N rates used were below those likely to accumulate excessive soil nitrate N.
Linear increases imply that for each experiment a fixed EF would be appropriate to describe the impact of N rate on N 2 O emissions. However, while this is likely for Expts 2 and 3, it appears less likely for Expts 1 and 4 (Fig. 7b) , although Expt 1 had only two EFs, while the EFs in Expt 4 were too variable to be significantly regressed against N rate. Production-linked indicators of N 2 O emissions, such as emissions intensity (Scheer et al. 2012) or yield-scaled emissions (Van Groenigen et al. 2010 ) may be more informative in developing N rate strategies for both optimum crop productivity and minimal environmental impact. While the drier sites in this study showed a stable (Expt 2) or slightly linearly increasing (Expt 3) N 2 O emission intensity with increasing N rate, the wetter sites showed significant exponential increases in N 2 O emission intensity (Fig. 7c ). An optimal N rate could be chosen from the inflection point in these exponential curves, at around 110-120 kg N ha -1 . When N 2 O emissions were yield-scaled in terms of crop N uptake (N content of grain plus aboveground residue) and compared against N surplus (N applied minus crop N uptake), we found no N surplus in Expt 3 and hence yieldscaled N 2 O emissions remained low (Fig. 8) (Fig. 6c) . The trend in Fig. 8 is similar to the metaanalysis of previous research by Van Groenigen et al. (2010) , although the y-intercept in their relationship (~12 g N 2 O-N kg -1 ) was half that in our data. In Expt 4, much of the 'surplus' N was actually lost from the soil during waterlogging, rather than being surplus to crop requirements, whereas Expt 3 had no 'surplus N' at any N rate because N losses were water limited but crop production was not. Therefore, the concept of using yield-scaling versus N surplus is less useful in determining optimal N rates in highly variable rainfall environments with poorly draining clay soils. N rate ( 15 N studies) In our studies, the total recovery of applied 15 N was affected by N rate for Expt 6, but not Expt 5 (Table 2) . For Expt 5, 15 N recovery in soil + plant components totalled 80%, which is very similar to recoveries of 78% (Strong et al. 1992 ) and 76% (Armstrong et al. 1996) measured after sorghum crops grown on Vertosols in the northern Australian grains region. However, it is less than the 97-99% recovery reported by De Antoni Migliorati et al. (2014) for sorghum grown on a more permeable Oxisol with a split-N application. Strong et al. (1992) reported much lower recoveries (46%) when fertiliser N was applied >6 months before sowing, which was considered to be the result of waterlogging. While all our fertiliser was applied at the time of sowing, we recovered much less of the applied 15 N where prolonged waterlogging would have promoted denitrification (Expt 6). Only 55-57% of the applied N was recovered from the 40 and 120 kg N ha -1 treatments, although 72% was recovered in the 200 kg N ha -1 treatment. Despite these percentage differences between treatments, the total amount of N lost was similar (54-56 kg N ha -1 ) between the 120 and 200 kg N ha -1 treatments. This may indicate that an optimal N uptake threshold by microbes had been reached, due to an available carbon limitation (Kim et al. 2013) , beyond which further denitrification of nitrate N could not proceed. The major difference between these treatments was in the significantly greater recovery of 15 N in the grain (Table 2) , which suggests that the plants in the 200 kg N ha -1 treatment had late-season access to soil mineral N to partition into grain protein that the lower rate treatments lacked, possibly due to downward movement of soil water carrying un-denitrified nitrate. At harvest, there was no treatment difference in 15 N recovered in the soil between N rates for Expt 6, but in Expt 5 a greater proportion of the applied N was found under the 40 kg N ha -1 treatment.
Total gaseous N loss in response to
Recovery of 15
N by the crop Armstrong et al. (1996) found that recovery of applied 15 N to Vertosols growing sorghum did not vary with the N response by the crop but instead with the rainfall pattern in each season and its likely influence on denitrification. Similarly, in Expt 5 of this study, we found no effect of N rate on plant N uptake, with uptake in the treated plots averaging 46% of the applied N, which compared closely to the 36-50% recoveries reported previously (Strong et al. 1992; Armstrong et al. 1996) . However, the highest N rate at Expt 6 did increase the plant N recovery from 35% to 52%, with the difference occurring in the grain N uptake (Table 2) . We suggest that this was because denitrification was limited at the highest N rate, perhaps by availability of labile carbon, so that more of the N applied at the high rate remained for plant uptake than at the lower N rates. Downward movement of the un-denitrified nitrate N meant that more was taken up into the plant during grain-filling.
Since the applied 15 N urea was immediately covered by 0.05 m of soil to prevent volatilisation, and no 15 N leached below 0.60 m, it is likely that all of the unaccounted N was lost as N 2 or N 2 O. We used the mean cumulative N 2 O emission results from the larger plot experiments at harvest (corrected for background emissions) to calculate the likely ratio of N 2 : N 2 O in the emitted gases. For Expts 3 and 5, the N 2 : N 2 O ratio was not affected by N application rate, with an average ratio of 43.4 across the three N rate treatments. These ratios were almost identical to the mean ratio of 42 estimated for alkaline grey clay soils from a review of field and laboratory N 2 O emissions studies by Rochester (2003) . In contrast, for Expts 4 and 6 the N 2 : N 2 O ratio decreased with increasing N rate, with ratios of 29, 24 and 12 for the 40, 120 and 200 kg N ha -1 treatments respectively. The decreasing ratio with N rate at this site may be related to increasing concentrations of soil nitrate and nitrite that can inhibit the biochemical reduction of N 2 O to N 2 during denitrification (Firestone et al. 1979; Smith and Tiedje 1979) .
Crop responses to N rate
In this study, Expts 1 and 2 showed no yield or seed protein response to applied fertiliser N, presumably because the soil in both cases already had sufficient N for the crop's demand. While we did not measure soil mineral N at the commencement of these experiments, it is reasonable to assume that both soils would have been well stocked with mineral N. The Nbudget model (Herridge 2011 ) predicts that these medium fertility soils would have mineralised at least 98 kg N ha -1 during the preceding long fallow period. It is also likely that in Expt 1 the waterlogged soil conditions led to a significant denitrification loss of the applied fertiliser N early in the growing season before the crop could benefit from the additional N applied. In contrast, the soils used for Expts 3 and 4 were sufficiently low in mineral N at sowing (Fig. 2 ) such that they were N deficient and showed a classic yield and protein response to increasing N rate (Fig. 9a,  b) . Armstrong et al. (1996) found that the response of dryland sorghum to applied N depended heavily on soil water content, with the response to added N dependent on the timing of rainfall, as demonstrated by Holland and Herridge (1992) for sorghum grown previously at the same location as Expt 3.
Many farmers do not carry out soil testing on their paddocks before planting a crop to determine the available mineral N content, instead preferring to use a standard N fertiliser rate. Knowing the soil's stock of available mineral N when going into a crop can assist in better agronomy through ensuring they are either applying adequate N for optimum yield or not applying excessive N that will not further increase yield above the optimum. The economics of optimal fertiliser application are also an important factor in knowing the soil mineral N stock, as applying N above the productive optimum (120 kg N ha -1 for Expt 3 and 80 kg N ha -1 for Expt 4) decreased gross margins (data not shown). An alternative to soil testing can be the use of a regionally calibrated model or decision support tool to estimate the likely soil mineral N based on the recent crop history, soil type, age of cultivation and weather conditions (Herridge 2011 ). This approach is less useful in instances where denitrification is likely to have occurred and a potentially large amount of the stored soil mineral N may be lost. Biophysical models capable of simulating denitrification losses are generally not accessible to farmers. Chemically or physically delaying the availability of nitrate N in the soil until the period of rapid crop N uptake are alternative options for reducing the risk of denitrification losses of N and N 2 O emissions, and are the subject of subsequent research in this region.
Conclusions
We confirmed that applying N fertiliser at the time of sowing a summer crop generated N 2 O emissions and that the amount of N 2 O lost depended on the N rate and the seasonal rainfall. High intensity rainfall led to waterlogging and denitrification, which increased the rate of N 2 O loss with increasing N fertiliser up to five-fold compared with drier sites. Emissions of N 2 O from Vertosols growing sorghum or sunflower crops in seasons without prolonged waterlogging can be reasonably well predicted using an EF of 0.53, whereas the use of a standard EF, currently 0.3 for dryland cropping in Australia, in calculating N 2 O losses in very wet conditions is much less advisable. Linking crop productivity, N rate and N 2 O emissions is needed to construct guidelines for optimal production with minimal environmental and economic impact.
Total gaseous N losses also increased with increasing N fertiliser rate, but under waterlogged conditions produced an increasing proportion of N 2 O : N 2 in the overall gases emitted, exacerbating the environmental impacts of waterlogging events on recently-fertilised Vertosols.
As with our previous research with winter crops grown on Vertosols in this region (Schwenke et al. 2015 (Schwenke et al. , 2016 , we confirmed that the critical period for N 2 O emission losses from applied N fertiliser for summer crops is during the initial weeks after fertilising, before plant uptake can reduce the large pool of nitrate N available for denitrification should waterlogging occur. Further research is needed to devise N fertiliser application strategies that mitigate the large potential for N 2 O emissions from Vertosols used for summer cropping without compromising optimum crop production.
